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Time-Resolved Microwave Conductivity (TRMC)
In TRMC we use laser pulses to excite a sample, a crystal in this study. The laser system is able to generate light of wavelengths from 240 nm to 2200 nm, and the light intensity can be tuned over 4 orders of magnitude. When microwaves pass through a sample containing mobile charges, the power of the microwaves decrease. The relationship between the normalized change in microwave power ΔP(t)/P , the photoconductance ΔG, the mobility μ and the yield of free charges φ is given by equations (1) and (2): (1) (2) where K is the so-called sensitivity factor, I0 is the intensity of the laser in photons/pulse/unit area, FA is the fraction of light absorbed at the excitation wavelength, β is a constant related to the inner dimensions of the waveguide. For crystals it is not straightforward to determine the K accurately. Therefore in this study TRMC data are expressed in ΔP(t)/(PI0A), which is still proportional to the product of the yield of free charges, φ and the mobility, μ. Fig. S3 . The temperature dependent transmission spectra of MAPbBr3 thin film. The three colour series represent the three phases: red is for cubic phase, green is for tetragonal phase, and blue is for orthorhombic phase. In Fig. S5c the maxima of ΔP/P divided by incident number of photons per sample area are plotted versus the incident number of photons. As shown the maximum values at 560 nm are almost constant, while those at 500 nm decrease with increasing intensities. An obvious explanation would be the presence of second order band-to-band recombination occurring at high densities. However, this seems in conflict with the fact that the TRMC traces follow first order kinetics as presented above. Obviously, at short timescales faster than we can resolve using the present technique, other processes occur which lower the charge carrier concentration yield on higher intensities. We suggest that apart S4 from charges also excitons might be formed on optical excitation of MAPbBr3. According to the Saha equation the ratio of free charges, x reduces as the concentration of excitations, n in the MAPbBr3 single crystal significantly increases, while at the same time the yield of excitons increases. At 560 nm the excitation density is always over 1000 times lower than at 500 nm, leading at all intensities to a yield of charge carriers close to 1.
Experimental methods
Materials. Lead bromide (PbBr2) (>98%, Sigma-Aldrich), Methylamine (CH3NH2) (40% w/w aq. soln., Alfa Aesar), Hydrobromic acid (HBr) (48% w/w aq. soln., Alfa Aesar), N,N-Dimethylformamide (DMF) (>99.8%, Alfa Aesar), Dichloromethane (DCM) (99.7%, , Alfa Aesar), Dimethyl sulfoxide (DMSO) (>99.9%, Sigma-Aldrich).
Synthesis of Methylammonium bromide (MABr). MABr was prepared by slowly mixing methylamine with HBr in 1:1 molar ratio under continuous stirring at 0 °C for 2 h. MABr was then crystallized by removing the solvent from an evaporator, washing three times in diethyl ether, and filtering the precipitate. The white crystal was obtained by recrystallization with ethanol, then dried in vacuum for 24 h, and kept in a dark and dry environment for further use.
Growth of MAPbBr3 single crystal (SC). 1.5 M PbBr2 and 1.5 M MABr were dissolved into DMF solution in a vial to keep the molar ratio of PbBr2 to MABr is 1. Then the solution was heated on a hot plate. Finally, MAPbBr3 SC can slowly grow by gradually increasing the temperature of the hot plate.
Fabrication of MAPbBr 3 thin film. The MAPbBr 3 thin film was spun coated on a quartz substrate by the anti-solvent method, and the spin coating process was conducted in glovebox with oxygen level lower than 100 particles per million. The perovskite precursor solution composed of PbBr2 and MABr (1:1, in molar) was dissolved in mixed solvent (DMF: DMSO = 9:1, v/v). Then 80 µL precursor solution was spun onto substrate at 2000 rpm for 2 s and 4000 rpm for 60 s, the sample was quickly washed with 120 µL toluene at the 20th second of the 4000 rpm spin-coating. Subsequently, the sample was annealed at 70 °C for 10 min and 100 °C for 10 min.
Photoluminescence (PL) measurements of MAPbBr3 single crystal. We used an Edinburgh LifeSpec spectrometer equipped with a single photon counter to measure PL spectra and lifetimes. An Oxford cryostat was installed in the LifeSpec measuring chamber, and the sample was kept all the time in the inner chamber of the cryostat. 
Simulation
In order to consider only trapping and recombination at the surface, the rate constants kin(x) and kTE(x) are defined as step functions:
and
where xs is the thickness of the region where the surface states are located. We solved the system of equations 1 -3 by numerical methods 1 ne, nh and nT as a function of space and time. The PL trace is calculated as ܲ‫ܮ‬ሺ‫ݐ‬ሻ = ಶ ‫‬ ሺ௫,௧ሻ ሺ௫,௧ሻ
The same set of equations was used for the TRMC experiment, using a different G(x,t) term because of the different laser source. The change in photoconductance as a function of time is proportional to the charge carrier concentration and the charge mobilities, according to ∆‫ܩ‬ሺ‫ݐ‬ሻ ∝ ‫‬ ሺ݊ ሺ‫,ݔ‬ ‫ݐ‬ሻߤ + ݊ ሺ‫,ݔ‬ ‫ݐ‬ሻߤ ሻ݀‫ݔ‬ (7), where L is the thickness of the sample and µe(h) is the mobility of electrons (holes), which is constant in time and space. After calculating ∆G, a convolution is applied to take into account the response time of the system (3 ns). 2 In order to solve the system, we assumed that the mobilities of electrons and holes are equal and have a value of 100 cm 2 V -1 s -1 , similar to what reported in the literature. 3 We calculated De and Dh from µe and µh using the Einstein relation. For both TRPL and TRMC, the generation term has a Gaussian profile in time, with 43 ps and 3.5 ns fwhm, respectively. The spatial distribution of the charge generation has an exponential shape with a penetration depth of 180 nm. We simulated a sample with thickness L = 1 µm, considering the concentration of charges deeper in the bulk of the crystal to be negligible. The defect states are assumed to be distributed in a region with thickness xs = 10 nm. The only free parameters of the model are kin and kTE. Equation 6 and 7 reproduce well the experimental data for kin = 5×10 9 s -1 and kTE = 1×10 -11 cm -3 s -1 (Figure 4b) 
